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MINOS Detectors

Far Detector

705 m underground

Near Detector

104 m underground
- 735 km from target 
- 5.4 ktons

- 1 km from target 
- 980 tons
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๏ On-axis long-baseline neutrino oscillation experiment

๏ Functionally equivalent detectors

๏ Magnetized steel-scintillator, tracking-sampling calorimeters
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120 GeV

300–500+ kW beam
2–5×1013 P/pulse

Distance between Horn 1 and Horn 2 
sets neutrino beam energy



Data
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+ 48.67 kt-yr atmospheric 
neutrino exposure

Last MINOS+ beam 
event

June 29, 2016
MINOS MINOS+
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Events
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Signal
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Select CC/NC ≥ 0.3

Event Selection
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Use muon track features in a k-Nearest Neighbors classification algorithm
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MINOS νµ Disappearance

P(νµ →νµ ) ≈1− sin
2 2θ sin2 Δm2L

4E
⎛
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⎞
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PRL 112, 191801 (2014)
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sin2 2θ = 4sin2θ23 cos
2θM 1− sin

2θ23 cos
2θM( )

Δm2 = Δm32
2 + Δm21

2 sin2θ12

          + Δm21
2 cosδCP sinθM tanθ23 sin2θ12

sin2 2θM = sin2 2θ13
sin2 2θ13 + A − cos2θ13( )2



MINOS+ νµ Disappearance
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MINOS, MINOS+ νµ Disappearance
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23θ2sin

2.5

3.0 ν48.67 kt-yr atmospheric 
 appearanceeν disappearance + µνMINOS: 

-modeµν 
2010×-mode, 3.36 µν 

2010×POT: 10.71 
 disappearanceµνMINOS+: 

-modeµν 
2010×POT: 5.80 

Normal hierarchy

23θ2sin
0.3 0.4 0.5 0.6 0.7

-3.0

-2.5

MINOS+ Preliminary

Inverted hierarchy

68% C.L.
90% C.L.

Best fit
PRL 112, 191801 (2014)
MINOS 90% C.L.

)2
eV

-3
 (1

0
2 32

m∆

)2 eV-3| (102
32m∆|

lo
g(

L)
∆

-2

0

1

2

3

4

5

)2 eV-3| (102
32m∆|

2.2 2.3 2.4 2.5 2.6 2.7

68% C.L.

90% C.L.

Profile of likelihood surface
Normal hierarchy
Inverted hierarchy

23θ2sin
0.3 0.4 0.5 0.6 0.7

lo
g(

L)
∆

-2

0

1

2

3

4

5

68% C.L.

90% C.L.

Profile of likelihood surface
Normal hierarchy
Inverted hierarchy

Inverted Hierarchy
Δm32

2 = 2.48−0.11
+0.09 ×10−3 eV2  (68% C.L.)

sin2θ23 = 0.41−0.06
+0.25  (90% C.L.)

Normal Hierarchy
Δm32

2 = 2.42 ± 0.09 ×10−3 eV2  (68% C.L.)
sin2θ23 = 0.41−0.06

+0.24  (90% C.L.)

Combined Confidence Intervals



23θ2sin
0.3 0.4 0.5 0.6 0.7

)2
eV

-3
 (1

0
2 32

m∆
 

2.0

2.5

3.0

Normal hierarchy

MINOS+ Preliminary

MINOS, MINOS+
combined analysis

68% C.L. 90% C.L.

Neutrino 2016
T2K 90% C.L.Neutrino 2016

IceCube 90% C.L. Neutrino 2016
NOvA 90% C.L.

)2
eV

-3
 (1

0
2 32

m∆
Comparison to Other Experiments

11



23θ2sin
0.3 0.4 0.5 0.6 0.7

)2
eV

-3
 (1

0
2 32

m∆
 

2.0

2.5

3.0

Normal hierarchy

MINOS+ Preliminary

MINOS, MINOS+
combined analysis

68% C.L. 90% C.L.

Neutrino 2016
T2K 90% C.L.Neutrino 2016

IceCube 90% C.L. Neutrino 2016
NOvA 90% C.L.

)2
eV

-3
 (1

0
2 32

m∆

Conclusion
๏ MINOS+ is testing the three-flavor paradigm with 5.80x1020 PoT 

๏ MINOS+ is doing exotic searches: 

• Sterile neutrinos 

• Large extra dimensions 

• Non-standard interactions
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Backups
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Neutrinos Oscillate
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๏ atmospheric neutrino anomaly 
• N(νµ):N(νe) ≠ 2 
• νµ ⟶ ν𝜏 (Super-Kamiokande 1998)

๏ solar neutrino deficit 
• N(νe) < predicted 
• νe ⟶ νµ,𝜏 (SNO 2001)

      

   ∆m21
2  

∆m32
2  

2015

๏ 2 mass squared differences 

๏ 3 mixing angles 

๏ 1 phase      

Three-flavor model:

𝛉232015



Neutrino Mixing and Oscillations
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MINOS
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Sterile Neutrinos
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Large Extra Dimensions
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Muon Track Features

MC MC

MCMC


